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WIND-TUNNEL TESTS OF A CYCLOGIRO ROTOR

By John B. Wheatley and Ray Windler
SUMMARY

L cyclogiro rotor having a span and dlameter of 8
foet was tested in the ¥.A.C.A. 20-foot wind tunnel. The
tests showed that the cyclogiro would be able to ascend
vertically, fly horizontally, and glide without power.
The power required for normal flight would, however, be
excessive. A comparison of calculated and experimental
resulte showed that the analytical expressions used gave
the correct variation of the power regquired with the rotor
forces but that the values calculated for zero rotor
forces were in error, 1t was alsu shown that the blads
profile~drag coefficient was incorrectly assumed and that
the error in the calculated power required arose from
that assumption. The effect of oscillating an airfoil is
considered e primary reason for the discrepancy beiween
the assumed and experimental drag coefficients and re~
search on an oscillating airfoil is believed to be neces—
88Ty «

INTRODUGTIOXN

During an extensive study of all types of rotating
wings, the National Advisory Committee for Aeronautics ex-
amined the cyclogiro rotor and made an asrodynamic analy-
sis of that system (reference 1l). The examination die~
closed that such a machine had sufficient promise to Jus-
tify an experimental investigation; a model with a diame-
ter and span of 8 feet was therefore constructed and test-
ed in the 20-foot wind tunnel during 1934,

The experimental work included tests of the effect
of the blade motion upon the rotor forces during the
static~1ift and forward-flight conditiors at several rotor
speeds and the determination of the relations between the
forces generated by the rotor and the power regquired by 1%.
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APPARATUS

The 20~foot wind tunnel, in:which these tests were
conducted, 1s described in reference 2; the only altera—
tion required -for the cyclogiro tests was the ingtallation
of two lateral-force balances., These balances were re-
quired because the rotor axis was mounted vertically and
the resultant rotor force was measured on the drag aad
lateral-~force balances.

The model cyclogiro rotor is shown ready for test 1in
figure l. Its essentlal dimensions are:

Span . . e ] . . L] - . 8 ft.
Diameter . . « » . . 8 ft.
Number of,biades . e ¢ 4

' Blade chord « . . . . 0.312 ft.

Bach .of the blades was attached to the rotor shaft by

seven arms; ball-bearing pivots were provided in the blade '
at the 0.25~chord point and the blades were statically

balanced about that point. The blade airfoll section wes

the N.A.C.A. 0012 modified. so that the mean-camber line v
was an arc of 9~foot radius; the mean~camber line was
chosen to coincide with the blade path during a representa-
tive condlition of operation. The blade construction, shown
in figure 2, was composite, consisting of a coantinuous
spar, a nosepiece containing a lead balance welght, wooden 3
ribs, a metal trailing edge, and a covering of silk paper.

Every effort was made to save weight without sacrificlng
stréngth. but because the filler blocks between spar and

ribs were too small two blades were broken im a prelimi~

nary test when the ribs pulled away from the spar. No

further troudble was experienced after the weak Joint had

been strengthened by larger filler blocks.

Pl

The blade angle, measured from a tangent to the dblade
circle, was controlled by link rods that connected the
tralling edge of the blades at thelr lower ends to the
outer race of an eccentric ball bearing on the rotor axis,
The eccentricity, which determined by its magnitude and
direction the amplitude and phase of the blade oscillation,
wag the resultant of two circular eccentrics that could
be rotated both with respect to the rotor axis and to each .
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other; this arrangement obviously makes possible the de~-
velopment. of an ‘sceentricity of any desired magnitude
below the maximum in any direction. The amplitude of the
maximum blade angle was limited by the geometry of the
model to about 359 Core .

PROGEDURE AND TESTS o ) )

satlsfactory belance. .on the model. The cantilever rotor
proved to be extremely sensitive to an unbalance af a few
inch~ounces so that practically perfect static balance was
required before the balance sgcaleg were sufficlently steady
to permit the taking of accurate readings. It was also
found necessary to stiffen the shaft to raise its critical
speed ahove the operating speed.

During prellmlnary tests the model was examined with
a stroboscope to determine qualitatively the lag of the
eccentric bearing race behind the blades and the twist of
the blades. The examination disclosed little except that
these quantitiss were too small to be detected.

The procedure during test consisted of setting the
amplitude and phase angle of the rotor eccentricity to
predetermined values at a given tunnel speed and rotor
speed and taking simultaneous visual observations of the
dynamic pressure and the six balance scale readings.

Tare tests.~ Complete tare runs were made with the
blades removed from the rotor. Thils procedure dld not de~
termine the interference effects on the dlades of the
blade—supporting arms bub supplled a reasonably accurate
approximation of the forces on the parasitic rotor struc—
ture. The test results in this paper were obtained by
subtracting from the gross forces on the rotor the forces
obtained with the Dblades removed.

Static lift.- Force measurements on the model were
made at several rotor tip speeds with the wind tunnel
stopped. The major rotor force was developed along the
tunnsl axis and resulted in an induced flow in the tunnel;
the flow was slight, however, and was ignored with very
small resultant error. 4An additional test was made at
constant tip speed and eccentricitg in which the phase an-
gle was changed successively by 30° steps. The influence
on the rotor of the fluld boundaries was indicated by an
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increase of 7 percent in the magnitude of the force devel~
oped when ites direction was changed from along the tunnel
axig to across the tunnel axis.

Forward flight.~ Force measurements were made at pov-
eral rotor tip speedg and through a wide range of alr
speeds for the forward-flight tests. TLevel flight was
simulated in that the resultant force was approximately
perpendicular to the tunnel axis. 4& wide range of eccen-
tricity amplitudes and phases wa.s used, so that the char-
acterigtics of flight with and without power could be de-
termined.

RESULTS

The results are presented in coefficient form, using'
the notatlion given in reference 1l; for convenlence, the
coefficients are defined below.

e T @
o2 = g o TS
;QP .=. gzsgzgfi;‘ fi:'.'_ﬁ.:"v;'-f" e _._;.gz?j
moE ng.;__a | (e

where X is_the horigontal ~component of resultant
’ 'rotor force, 1b.

Z, vertlcal component of resultant rotor
force, 1b.

p, air density, slug/cu.ft.
0, rotor angular velocéity, rad./sec.
R, rotor radius, f£t.-

V¥, air speed, ft./sec.
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8, rotor span, ft.
P, power reguired, ft.~1b./sec.

8, flight-path angle, deg. (measured from
horizoantal).

Cx, coefficient of horizontal rotor force.
0z, -coefficient of vertical rotor force.
Cps coefficient of power required.,

s tip=-speed ratio.

Porces in the Z directlon (normally upward) are
positive toward the side of the rotor where the blade is
traveling with the relative wind; forces in the X direc~
tion (normally forward) are positive toward the side of the
rotor where the blade is moving toward the positive 2
axis. The eccentricity is defined by the amplitude a4
and phase angle € of the forced oscillation of the blades.
The blade angle is measured from the tangent to the blade
circle; and phase angle is measured in the direction of
rotation from horizontally upstream to the point at which
.the blade reaches 1ts maximum angle. The use of the terms
"horizontal' and "vertical' should be understood to apply
to the rotor in its normal position with the axis bhorizon-
tale All results as presented apply approximately to
blades alone, the tare obtained from runs with blades re-
moved having been subtracted from the gross results, as
previously noted. :

The data obtained for static 1lift are shown in fig-
ures 3 to 6. Oy, Cx, and Cp are shown in figures 3 to B
as functions of «an for tip speeds of 74.5 ft./sec., 96.5
ft./sec., and 150 ft./sec,; figure 6 contains the same
data in the form of polar curves of Cyz as a functlon of
GP-

Data for the forward-flight condition are presented
in figures 7 to 13 for a tip speed of 150 ft./sec. EBach

figure contains data for a given tip-speed ratio from
0«20 to 0+450. The figures contain plots of Cgz agalnst

Cp for different constant values of Ox and a parametric
- plot 0of «p and ¢ against Cp and Cg.
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The flgures may be used as follows: The regulred
values of Cz and Cy determine the value of (p on one

plot; then the consoquent values of Cy and Op deter~
mino the required values of «ay and ¢ on the other plot.

The results obtained at a tip speed of 96.5 ft./sec,
are compared with those obtained at 150 ft./sec. in fig-
ure 14, where Op 1s plotted against Cz for several

values of Oy at a tip-speed ratio of 0.50,

A comparison vetween computed and experimental re-
sults 1g presented graphically in figures 15 to 17. The
power required to overcome the blade profile drag and the
values of the blade profile~drag coefficient are shown in
figure 15 for Oy and Oy = 0; the variation of OCp
with Cy for Ox = 0 1is shown in figureo 16 and Cp as
a function of Cx for Cy = 0 is shown in figure 17,

Figures 16 and 17 represont conditions for a tip-apeesd
ratic of 0450.

4CCURACY

Balance forces were read to 0.1l 1b. and, since the
torque arm was 6 feet, the torque was obtalned to 0.6
lbe—-fts No corrections have been made in the results for
Jet~Dboundary or blocking effect becaunse quantitative val~
ues for thils lifting system were so uncertain; as a re-
sult, measured drag or X forces are thought to be sllight~
ly too high. The wvalues from the faired curves of the co~
efficlents are considered to be accurate within the fol-
lowling limits:

Cz *0.0005

6.0008
%% _o.0002

Cp *+0.0005

CYCLOGIRO PERFORHANCE

The test roesults are here utilized in the calculation
of the performance of a machine employing two roftors sim-
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ilar in form to the one tested, The constants of the ma-
chine are:

W
Rotor loading 33 = 5.0 1b./sq.ft.
Rotor 1ift coefficient Ogp = 0,05
; = W_
Parasite drag DP = 555 ¢
.. Dp 2
Rotor thrust coefficient Cx o= 55 = 0,02 |
' p Q° R” s
Rotor tip speed QR = (0 —-——> = 290 ft./sec.
Z : : e

Parasite torgque, added : : s
power reguired coefficient- GPT“‘= 0.0012 (1 + p°)

It is assumed that the actual machine will have a
parasite rotor torque considerably less than the model.
The results for the model indicated that the tare power
requirement of the rotor was very closely expressed as
Cpp = 00040 (1 + p®) and, becauso the parasite.sbructure

.was oversize “and mnot of good s%reamline shape, it is esti-
matef that this could be reduced %o -approximately 30 per-
cent of the model wvalue at full scale. The results of
this calculation are shown in figure 18, together with the
results based upon an average bdlade prozlle—drag coeffi~
cient of 0,015 for comparison. ' _ T

The aubtorgtational characteristics of the cyclogiro
are presented in figure 19; the calculations are based on
the experimental results and on the seme constants and
assumptions that were used for the results shown in fig-
ure 18. Ag in figure 18, autorotation has also been com—
puted for GDo = 0,015, The equations of equilibrium have

been applied to the test results to determine at what
flight-path angle the weight and parasite drag are can-
celed by the rotor with zero resultant power coefficfents
these equations result in the following exprossions:

W cos B =. 2

I

Z sin 6 = (X —'Dpi,cos 6

P = "PT
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Consequently,
Cz = 0405 cos @
Ox = 0.02
sin & = 0.05 |
CP = "GPT
DISCUSSION

Lag of the blade motion and blade twist would mean
that the effective amplitude and phase of the blade mo-
tion were not identical with those of the eccentric but
would not change the fundamental relationships between
Cx: Cz» and Cp. The fact that they were too small to be

detected is sufficient reason to ccnsider them unimpor-
tant, although the experimental wvalues of a3 and € are

not considered exact,

Tare.,~ The test results presented in graphlc form
represent the differences between the tests of the com—
plete rotor and the same rotor with the blades removed.
The parasitlec structure of the model rotor is not a scale
equivalent of an actual flying rotor. In addition, the
drag coefficient of a unit length of the model blade arms
was found, from the tare results, to be 0.10 (based on
the chord), which is gulte large compared to a good strut
gsection, It is thought that the forces on the perasite
structure of another rotor can be calculated wlth little
difficulty. Rather than undertake the difficult problem
of deciding upon the ideal dimensione and form of a full-
gcale rotor supporting structure and calculating its drag
and requlred power, the forces for the blades alone are
presented and can thus be added to the calculated forces
for the supports of another rotor,

Static 1ift.- It will be seed in figures 3 to 5 that
Cx was not zero during the static-lift tests despite the
fact that the phase angle was set to give such a result,
The resultant force was inclined about 10° from thoe de-
sired direction when «a was 20°%, a shift that is greater

than any possible lag botween the blade motion and the ec~
centriec. The lateral component of the resultant may be
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gqualitatively erplained as a Magnus effect upon the rotor
shaft because the rotor force would generatse an induced
velocity of appreclable magnitude in the interior of the
rotor. Although the magnitude of the actual Magnus effect
on the shaft cannot be accurately estimated, an approxi-
mate calculation disclosed that it would be at least a
third of the observed lateral force,

The results of the tests at different tlp speeds show
reasonable agreement and indicate that the scale effect is
small over the range tested., The 1lift per horsepower can
be calculated from these curves by means of the expression

560 Cg
L/hp. = nﬁi_ég - C

which follows from the definition of the coefficlents.

Por a tip speed of 100 feet per second, the maximum 11ft
per horsepower is about 23.8 1b./hp. The same quantity
for an airplane propeller set to 10° piltch and operating
at 100 feet per second tip speed is about 50 1b./hp. (ref-
erence 3).

Forward flight.~ Figures 7 to 13 show that the power

required for the rotor increases much faster with Cx

than with Gy; also, that to a first approximation, the

curves of constant Cx are mutunally parallel. It is evi-
dent from the curves that Cz is primarily a function of
€ and not of ay and that OCp changes very slowly with

€ and rapidly with oa; since Op varles repidly with.

Cx. it follows that to a first approximation, o deter-
mines Cx &and Cp, and € fixes the value of (z. This

result is predicted from the equations developed in refer-
ace 1. '

Performance.~ The interpretation of the test results
obtained by applying them to the calculation of the per-—
formance of a machlne employing this lifting system as
shown 1n figure 18 1s not encouraging. Vertilcal ascent is
possible only with a power of 0,15 hp./lb.; inversely., a
power loading of 6,67 lb./hp. would be necessary. With
this power loading, a maximum speed of about 106 miles per
hour and a maximum rate of climb at 50 miles per hour of
about 2,400 ft./min. would De obtained, With & normal
power loading of 10 1b./hp., however, the speed range is
from 29 to 77 miles per hour and the maximum rate of
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climd at 50 miles per hour is 790 ft./min, The constants
determining the performance have beon chosen on the favor—
able side; consequontly, the performance shown in figuro
18 is considorcd 6ptinmistic..

Tho autorotational performance plotied in figurc 19
has not shown the velocity in vertlcal dsscent because the
experimental results did not include this condition. The
gliding performance ig, iz general, poor, The miairmum
vertical velocity is approximately 20 miles per hour and
increases rapidly as the horlzontal speed becomes less
than 40 miles per hour. The minimum gliding angle is
about =25°,

Comparisgson of analysis and experiment.~ Figure 15
shows that the value of the average blade profile~drag
coefficient ODO is, in reality, & function of tip-spesd

ratio and is not censtant as was assumed; the experimental
GDO rises to the unexpected value of 0.04 at-a tip-speed

ratio of 0.50. Congequently, the calculated power for
zero rotor force 1ls much too small. The increase in drag
coefficient is similar to the increase that was observed
by Katzmayr (reference 4) when he measured the average
drag of an airfoil oscillating in a steady ailr stream. 1t
should be noted that the results in figure 15, although
for zero rotor forces, nevertheless correspound to an os~
¢gillation in angle of attack over a range greater than
#10°. There exists a real possibility, substantiated by
these and by Katzmayr's tests, that an oscillating airfoll
has characteristics that are entirely unlike thoge of a
stationary airfoil, and research on the oscillating air-
foil is of fundamental importance in the whole field of
rotating-wing research. Many questions now unanswersd
will become clear when the laws winlch govern the oscillat~
ing airfoil are understood.

Plgures 16 and 17 show thet the equations in refere
ence 1 would give close agreement with the experimental
results if the value of GDO were correctly chosen; the

calculated curves of (g and Cxy as functions of Cp

are parallel %o the experimeuntal values but intersect the
ordinate axis at too small a value, This rssult ls con~
sidered a reasonable vorification of the mathematlical anal-
.‘}'Sié. . I . ’



N.A.C.A. Technical Note No. 528 11
CONCLUSIONS

1. The cycloglro is capabdle of vertical ascent, for-
ward f£light, and gliding flight without power.

2. The probable performance of the cyclogliro is very
poor for normal power loadings, and a maximum speed of 100
miles per hour would be attained only with a power loading
of less than 7 1b./hp.

Ze The variation of the power regqulred by the cyclo-
glro with the vertical and horizontal force coefficients
is correctly predicted by mathomatical analysise.

4. The profile~drag coefficioent of the cyclogire ro-
tor blades increases rapidly with tip-speed ratioc and is
probadly influenced by the blade oscillatlions.

5+ BResearch on the oscillating airfoll is noeded in
order to clarify pest and future rotating—-wing rescarch.

Langley Memoriasl Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,
Langley Fleld, Va.,, February 26, 1935.
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Figure 1l.-The cyclogiro rotor set up for testing.



Figure 3.-Details of the cyclogiro blade.
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Figure 19.-Autorotation of cyclogiro.
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